The strength and stiffness contribution of infill masonry is generally ignored in the design, due to the uncertainty in the strength properties of masonry, separation of infill from frame, low tensile strength, brittle characteristics of masonry walls, less out of plane strength and stiffness, etc.. They are considered as nonstructural elements which is reasonable for the frames under gravity loads but it is not true for the frames under seismic loads. Contained masonry as infill in RC (reinforced concrete) frames provides better contact at the interface and a higher out of plane strength and stiffness. Considering the seismic action on the frames which are likely to be subjected to in-plane as well as out of plane shaking, a research work has been carried out by the authors to investigate the seismic performance of RC frames with and without contained masonry infill panels using FE (finite element) computer program (ANSYS-Ver.11) and experimentally using the tri-axial shake table to evaluate the methods proposed in IS-1893-2002 to calculate the fundamental natural frequency. The RC frames were designed and detailed as per IS (Indian Standard) specifications such as IS 456-2000, IS 1893 -2002 and IS 13920-1993. Based on the experimental and analytical investigations, the contained masonry infill panels significantly affect the seismic load resisting characteristics of the RC frames. The IS 1893-2002 formulation does not predict the values and hence the recommendation needs to be validated with experimental results.
Introduction
Infill panels are considered as non-structural members and are treated as simple dead load in the analysis which may be acceptable for gravity loads, however it is not same for seismic loads. Under seismic loads, the stiffness additions due to infill panels modify the behavior of structures significantly by altering its frequency and other dynamic characteristics. Extensive research work has been carried out globally in the last five decades. Many methods have been developed for the dynamic analysis of reinforced concrete frames with infill panels incorporating one or more simplifying assumptions regarding its stiffness. Contained masonry as infill in reinforced concrete frames provides better contact at the interface and a better out of plane strength and stiffness.
With this background, a research project has been taken up to investigate the dynamic performance of reinforced concrete frames with and without masonry infill panels (plain and contained masonry). Five reinforced concrete frames having single bay three storeys with and without stilts were cast and tested. The models are designed as per IS (Indian Standard) specifications such as IS 456-2000 [1] , "plain and reinforced concrete-code of practice", IS 1893-2002 [2] , "criteria for earthquake resistant design of structures" and detailed as per IS 13920-1993 [3] , "ductile detailing of reinforced concrete structures subjected to seismic forces". Modal analysis was carried out on the reinforced concrete frames using classical finite element software (ANSYS Ver. 11) and a tri-axial shake table of size 3 m × 3 m with six degrees of freedom at EVRC (Earth Quake Vibration Research Centre) at CPRI (Central Power Research Institute), Bangalore, India was used to conduct sine sweep tests to evaluate the stiffness characteristics. Using the formulation for calculating the resonance frequency from IS 1893-2002 is compared with the frequencies obtained from the experiments.
Literature Review
Dawe et al. [4] report structural analysis of masonry infilled RC frames considering the structural interaction of the panel and its peripheral frame in the paper titled "a computer model for predicting infilled RC frame behavior". Various failure criteria are incorporated into the model and special elements are developed to account for masonry failure by cracking and crushing as well as to account for the complex interaction of frame and panel. A non-linear finite element analysis is used to predict stiffness and strength of infilled RC frames.
Dhanasekar et al. [5] carried out an investigation on the influence of brick masonry infill properties on the behavior of infilled frames by using a finite element model and verified the results by comparing with racking tests on infilled frames. It is reported that infill and the frame geometry are influenced by the magnitudes of shear and tensile bond strengths relative to the compressive strength of masonry. It is concluded that modulus of elasticity of the infill masonry significantly influences the variations in poison's ratio and influence of the inelastic deformation characteristics of the masonry is insignificant.
Eurocode 8 [6] suggests few methodologies for strengthening the out of plane behavior of infilled RC frames.
Crisafulli et al. [7] present a general review of the different procedures used for the analysis of infilled RC frames, which can be grouped to local or micro-models and simplified or macro-models, depending on the degrees of refinement used to represent the structure.
Fonseca et al. [8] have reported on the behavior of two masonry infilled RC frames: Numerical study in which they discuss mainly on the modeling part of single storey infilled RC frame. Steel frame and masonry infill have been modeled with plane stress elements, while interaction elements have been adopted to allow for separation between the two materials. It is concluded that the stiffening effect of masonry can be well reproduced by an equivalent diagonal strut. Liauw [9] reported an approximate method to analyze an infilled frame subjected to lateral loading.
Liauw et al. [10] experimentally investigated and analytically examined multi-story infilled frames with and without openings, and also with and without connectors between frames and the infill, in terms of their strengths and stiffness.
Liauw et al. [11] studied the non-linear behavior of multi bay infill frames in conjunction with single bay infill frames. Both non-integral and integral infill frames were studied. Finite element method was employed for theoretical analysis and results were found to be generally good when compared experimentally.
Mallick et al. [12, 13] developed new method of making use of the concept of finite element and thereby finding the points of separation between the frame and infill, as well as the stress distribution at the contact interfaces and considered square and rectangular infilled frames subjected to lateral loading. The method was based on the concept of shear structure where there is no rotation of horizontal section at the floor level and the relative displacement between floors is horizontal. This is the first research analysis in which micro modeling of infilled panel was done using finite element approach.
Mallick et al. [14] NSCP (National Structural Code of Philippines) [15] suggests schemes and methodologies of strengthening the behavior of infilled frames.
Polykov [16] Riddington [17] explains the influence of initial gaps on infilled frame behavior from an investigation conducted on a series of six full scale tests on block-work infilled steel frames together with finite element analysis of these structures.
Smith et al. [18] studied the behavior of the multi-story infill frames for lateral loading and developed a design method based on equivalent strut concept to predict the lateral stiffness of the composite frame. They experimentally showed that the diagonal stiffness and strength of the infill panel depends not only on its dimensions and physical properties but also on its length of contact with the surrounding frame.
Paulay et al. [19] caution that although masonry infill may increase the overall lateral load capacity, it can result in altering structural response and attracting forces to different or undesired part of structure with asymmetric arrangement. This means that masonry infill may cause structural deficiencies. Plain masonry wall panels have a very high initial in plane lateral stiffness and low deformability [20] . Therefore, under seismic loads, the existence of plain masonry walls changes the whole lateral force transfer mechanism of the structure as depicted in Fig. 1 from a predominant frame action [21] to predominant truss action. The change of frame mechanism to truss mechanism changes the natural frequency of the system significantly due to large stiffness addition which is Algerian seismic code [23] gives the recommendation of various types of strengthening methods for infilled frames.
Numerical Modeling
The analytical model used in this work (for comparing finite element and experimental results) is based on the well-known method proposed by Smith [18] . The width and modulus of elasticity of the equivalent strut to replace the masonry wall is estimated based on the formulations.
Various parameters affect the equivalent strut width namely geometric properties of infill, panel proportion, panel height, surrounding frame stiffness, material properties of frame and infill. Furthermore, diagonal stiffness and strength of an infill panel surrounding frame. The contact length, α, can be related with the relative stiffness of the infill to frame by the approximate equation given below [18] :
λ is an empirical parameter given as:
where, E inf : Young's modulus of elasticity of infill; (2), it can be seen that, instead of stiffness of both beam and column, this empirical parameter is related with only the column stiffness. It is propounded that whatever the beam stiffness is, beam contact length is always approximately half of its span. Since the model was developed to get the information on both, stiffness and strength of the infill change in modulus of elasticity of concrete and masonry with increasing stress was considered. To determine the equivalent strut width, the strains were computed using the appropriate value of the tangent modulus of elasticity for a particular stress. Loading level on the structure was found to be one of the important parameters which control the behavior of the infill frame structure. The resulting effective width is not a constant value for a particular infill but decreases as the loading is increased. At the beginning stage, the strut width is obtained by assuming that the infill material is of constant modulus equal to initial modulus. As the load is increased, the stresses in the infill also increase. The critical load level is reached when the stress at the loading corner is equal to the ultimate compressive strength of the infill material. Beyond that level, any increase in load causes decrease in capacity. However, the aim of this work is to develop a simplified model to obtain the frequency of the system reasonably accurately, certain simplifications are made to the model:
(1) The initial modulus of elasticity of the masonry is not modified any further;
(2) The width of the strut is kept as 1.414 α, where α is defined by Eq. 
Construction of Two-Dimensional Reinforced Concrete Frames
Five two dimensional reinforced concrete frames of 1 bay and 3 storeys frames were cast and the models consist of beams and columns of cross section 100 mm × 75 mm. The concrete mix is prepared using ordinary port land cement, fine sand and crushed gravel (< 10 mm) having a ratio as per mix design for M25 concrete from IS: 10262-1982 [24] . Cement, sand and stone aggregates are measured individually using weighing balance and machine mixed. As per IS: 516-1959 [25], representative samples of 100 mm × 100 mm × 100 mm size cubes were cast at each stage and tested for evaluation of compressive strength. The reinforcement in beams consist two numbers of 6 mm diameter mild steel bars throughout the member length. At the beam column junction, both the top and bottom bars of the beam are provided with adequate development length (development length plus 10 times diameter of the bar as per code stipulations). Shear reinforcement consists of 3 mm MS (mild steel) bars having spacing of 75 mm center to center. Hoop reinforcement is also provided at junction of beam column. Column reinforcement consists of four numbers of 8 mm diameter bars. The lateral ties consist of 3 mm diameter mild steel bars placed at 75 mm center to center. Commercially available bricks have been tested at laboratory for their properties which are shown in Table 1 . MS (mild steel) wires of 4 mm diameter were wound at 200 mm spacing in vertical and horizontal directions on both faces of brick masonry and frame and as per containment pattern. And also wires of 4 mm diameter were used to stitch the masonry in the transverse direction so as to develop contained masonry infilled reinforced concrete frames.
Finite Element Formulation
Finite element models were developed using ANSYS (Ver. 11) software. The outer frame members were modeled using 8-noded solid 65 elements, while masonry panels were modeled using 8-noded solid 45 brick elements and the containment reinforcement bars were modeled using Link8 spar elements. The geometry of models have been developed as per the dimensions as envisaged in the experimental model development which is explained in the above paragraph. Appropriate material property has been assigned to the finite element models as per Table 1 . The material properties shown in Table 1 have been experimentally obtained by conducting various tests in the laboratory on number of specimens. The details of the tests conducted are not in the scope of this paper.
After meshing the masonry and frame elements as per appropriate discritization of models, the containment has been modeled by joining each node by using Link 8 spar elements. For example, if the spacing of containment to be adopted is 200 mm center to center, then the meshing is done adopting a size of 200 mm. For this reason, 8-noded solid 65 elements for frame, 8-noded solid 45 elements for masonry panels and Link8 spar elements for modeling containment reinforcement have been used. Different finite element models (after meshing) are shown in Fig. 3 . The transfer function used for carrying out frequency search is shown in Fig. 4 .
Firstly modal analysis is performed to determine the fundamental natural frequencies of the frames. The resonance search test parameters used are given in Table 2 . The response spectrum analysis (spectral analysis) is carried out on the finite element models using design spectra, the three different spectra used are: (1) IS: 1893 Zone IV response spectrum; (2) IS: 1893 Zone V response spectrum; and (3) Kobe earthquake spectrum. The results obtained from the finite element models are tabulated. Finite element models after response spectrum (spectral analysis) analysis showing lateral and vertical deflection (Ux and Uy), normal stresses (Sx and Sy) and principal stresses (S1 and S2) are shown in Figs. 5-7, respectively.
The variation of natural frequencies corresponding to mode numbers for various load cases is plotted and is shown in Fig. 8. 
Shake Table Tests on Reinforced Concrete Frame Models
The RC frame models were constructed outside the laboratory and suitable arrangements were made to move the frame models to the shake table. Precautions were taken such that no structural damage occurs during transportation and placing of the models on the shake table. Forklift of 5T capacity is employed to carry the frames into the laboratory and then the overhead crane of capacity 15T is used to place the 
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Resonance Search Test
In this test, a sinusoidal input with continuously varying frequency at 1 octave/min is applied to the model in the in-plane direction (x-direction). The frequency is varied from 0-50 Hz. The percentage of steady-state resonance response obtained depends on the sweep rate and the damping of the frame model. Maximum response is obtained separately at every frequency in the test range. Consequently, this test produces the most thorough search for all resonant frequencies and it is customarily used for this purpose as an exploratory test, with a low input level. At resonance frequency the transfer function (Fig. 4) of response to input motion generally exceeds 2, there is a phase shift between input and response motion and also there is a sudden dip in the coherence at the point. Table 2 gives the resonance search test parameters. Figs. 9 and 10 show the reinforced concrete frame models mounted on the shake table. Experimental results have been tabulated in Tables 3-5. Fig. 11 shows shifting of model using forklift to the shake table. The shake table facility at EVRC, Bangalore is shown in Fig. 12 . Test is also conducted for out of plane behavior.
Results and Discussion
Fundamental natural frequencies of all the load cases are tabulated in Table 3 . The dynamic response is obtained in all the models in terms of acceleration for in-plane behavior and the values are tabulated in Table 4 . The acceleration response is obtained in all the models for out of plane behavior and the values are tabulated in Table 5 . Tables 2 and 3 while the acceleration   response is shown in Tables 4 and 5 .
Natural Frequency
The natural frequency of horizontal, vertical and two-way contained masonry infilled RC frames increases marginally in comparison to plain masonry counterparts due to additional stiffness provided by containment and its anchorage in the bounding frame rendering full contact at interface. The increase in natural frequency is up to 3.5% in two-way containment while vertical containment has behaved better than horizontal containment. Natural frequency increases as aspect ratio increases in both plain and contained masonry frames.
Lateral Deflection
The lateral deflection reduces marginally in horizontally contained masonry infilled RC frames in comparison to plain masonry counterparts due to the increase in the stiffness provided by containment and its anchorage into the RC frame developing full contact at interface. Maximum reduction of up to 6.5% is observed in two-way contained masonry infilled RC frames. Vertical containment exhibits better behavior in than in horizontal case.
Acceleration
The acceleration components a x and a y both increase marginally in contained masonry infilled RC frames in comparison to plain masonry counterparts. This is due to increasing in stiffness provided by containment and anchoring of containment reinforcement in the bounding frame preventing separation at interface. 
Stresses
Normal Stresses
(1) Frame Normal stress (Sx) in contained masonry infilled RC frames reduces marginally in comparison to that in plain masonry counterparts due to increase in strength provided by masonry with containment which has anchored into bounding frame preventing separation under sway. Reduction in normal stress Sx is up to 3.4%, 4.81% and 6.5% in horizontal, vertical and two-way contained masonry infilled frames, respectively. Larger reduction occurs in case of frames with higher aspect ratio and in higher load cases showing improved response for higher ground acceleration.
Normal stress (Sy) in the RC frame reduces marginally in comparison to that in plain masonry infilled RC frames. The reduction is by up to 1.42%, 2.27% and 2.83% in horizontal, vertical and two-way, respectively, contained masonry frames compared to plain masonry counterparts; Normal stress (Sy) increases in the masonry infill of contained masonry infilled RC frames in comparison to plain masonry counterpart. The increase is up to 10.75%, 14.90% and 22.36% in case of horizontal, vertical and two-way containment, respectively. This is due to the fact that more stresses are transferred from frame to masonry due to enhanced composite action, and increased inertial mass.
Principal Stresses
(1) Frame Principal stresses (S1) decrease marginally in contained masonry infilled RC frame members in comparison to plain masonry counterparts by up to 0.57%, 1.42% and 1.98% in horizontal, vertical and two-way containment cases, respectively. As the aspect ratio increases the reduction of stress come down. With the increase in ground acceleration stresses are found to increase considerably due to larger seismic forces but higher reduction in stresses occurs due to better interaction of infill with the frame.
Principal stresses (S2) decrease marginally in horizontally contained masonry infilled RC frame members in comparison to plain masonry counterpart due to increase in strength of the frame provided by contained masonry infill. The decrease in stress is up to 0.92%, 2.45% and 3.77% in frames with masonry contained in horizontal, vertical and both the directions, respectively. With the increase in aspect ratio, the reduction decreases, while with increase in ground acceleration it increases indicating a better interaction between infill and frame;
(2) Masonry Principal stress (S1) in the infill increases in contained masonry infilled RC frames in comparison to that in plain masonry infilled counterparts. This is because of composite action of contained infill with the frame transferring more stress to the masonry. Better performance is observed in vertically contained and two-way contained masonry infilled RC frames in comparison to horizontal one. The increase is up to 4.12%, 7.56% and 12.72% in frames with horizontal, vertical and two-way containment provided for infill masonry. The principal stresses decrease as the aspect ratio increases. As the ground acceleration increases the stresses also increase.
Principal stress (S2) increases by up to 4.12% in horizontally contained, 6.6% in vertical and 2.08% in two-way contained masonry infilled RC frames in comparison to that in plain masonry infilled RC frames.
Conclusions
This paper brings out the influence of masonry infill and contained masonry infill on fundamental natural frequency of reinforced concrete frame models.
The influence of both the mass and stiffness characteristics of the contained masonry infill and plain masonry infill on reinforced concrete frames is studied. The following are the major conclusions:
The masonry infill panels do not interfere in the vertical load resisting system for the reinforced concrete frames and significantly affect the lateral load/seismic load-resisting system of the frames;
The effect on resonant frequency is considerable due to the change in position and staggering of infill in the reinforced concrete frame models;
The natural frequency of the fully infilled RC frame model is significantly higher than the natural frequency of the bare framed model. Natural frequency of frame with contained masonry infill is higher than that of frame with plain masonry infill due to the increase in the mass and stiffness and due to the integral action of masonry with the bounding frame. In most of the cases, the natural frequency of the frames with complete infill panels are found to be around twice as that of the bare frame models;
The natural frequency of contained masonry infilled RC frames with stilt floor increases in comparison to their plain masonry counterparts. The type of containment influences the behavior, in that the natural frequencies increase more in case of two-way containment in comparison to vertical and horizontal containment cases. Natural frequencies are found to increase with increase in aspect ratio;
The acceleration component a x increases with increase in aspect ratio and with increase in ground acceleration considerable increase is observed, indicating improved response in higher load cases;
The acceleration component a y increases in contained masonry infilled RC frames in comparison to plain masonry counterparts due to composite behavior of the frame, infill and containment which is anchored into bounding frame causing integral action with masonry to vibrate the frame as a whole and thereby enhancing the component a y ;
The acceleration component a x reduces in contained masonry infilled RC frames with stilt floor in comparison to plain masonry counterparts due to decrease in stiffness in lateral direction. Normal stress (Sx) in contained masonry infilled RC frames reduces marginally in comparison to that in plain masonry counterparts due to increase in strength provided by masonry with containment which has anchored into bounding frame preventing separation under sway. Reduction in normal stress (Sx) is up to 3.4%, 4.81% and 6.5% in horizontal, vertical and two-way contained masonry infilled frames. Larger reduction occurs in case of frames with higher aspect ratio and in higher load cases showing improved response for higher ground acceleration. Similar response is observed in case of stresses such as principal stresses and shear stresses in contained masonry infilled RC frames as compared to plain masonry infilled RC frames in various load cases;
The analytical model as proposed by Stafford Smith can not be used for contained masonry infilled RC frames instead the finite element approach as adopted in the present study predicts the values accurately or a different approach has to be formulated for the strut width and other characteristics of diagonal strut which needs further research both experimentally and analytically.
